Neurogenesis persists in two germinal regions in the adult mammalian brain, the subventricular zone of the lateral ventricles and the subgranular zone in the hippocampal formation. Within these two neurogenic niches, specialized astrocytes are neural stem cells, capable of self-renewing and generating neurons and glia. Cues within the niche, from cell-cell interactions to diffusible factors, are spatially and temporally coordinated to regulate proliferation and neurogenesis, ultimately affecting stem cell fate choices. Here, we review the components of adult neural stem cell niches and how they act to regulate neurogenesis in these regions.
STEM CELLS AND THEIR NICHES
Stem cells have two essential properties: self-renewal and multipotency. Self-renewal is the ability to generate an identical daughter cell and multipotency is the capacity to generate all cell types of a tissue. Although self-renewal often occurs via asymmetric divisions, to yield another stem cell and a more differentiated cell, stem cells may also undergo symmetric divisions to generate two stem cells or two differentiated daughter cells. Thus, stem cell self-renewal can occur at the single cell level or the population level, such that the stem cell population is maintained (Spradling et al. 2001) . In many different organs, stem cells divide relatively infrequently to generate transit-amplifying cells, which in turn divide to rapidly expand their number before generating more mature progeny. This hierarchy of division and differentiation allows amplification of the number of mature cells that can be derived from a single stem cell, while minimizing the possibility of mutations due to DNA replication in the genome of long-lived stem cells (Reya et al. 2001) . Interestingly, studies from several niches have revealed that transit-amplifying cells also retain the ability to act as stem cells when challenged by appropriate stimulation (Doetsch et al. 2002; Marshman et al. 2002; Raff 2003; Brawley & Matunis 2004; Kai & Spradling 2004) .
Specialized microenvironments or niches support the lifelong self-renewal of stem cells and their production of differentiated cells (Spradling et al. 2001; Fuchs et al. 2004) . Importantly, stem cells themselves extensively interact with and participate in the niche. Furthermore, niches may in fact be dynamic structures that alter their location and characteristics over time concomitant with tissue remodelling. Comparison of stem cell niches in Drosophila germ-line lineages, and in the mammalian haematopoietic system, intestinal epithelium, skin/hair follicle and nervous system has revealed common and unique features (figure 1; reviewed in Spradling et al. 2001; Doetsch 2003b; Fuchs et al. 2004; Li & Xie 2005) . Cell-cell interactions (figure 1a) and diffusible signals (figure 1b) are key elements allowing feedback control of stem cell activation and differentiation from progeny and/ or niche support cells. An emerging feature of several stem cell niches is the intimate association with endothelial cells, which regulate stem cell self-renewal and differentiation (figure 1c). Within a niche, stem cells are frequently anchored to a basal lamina or stromal cells (figure 1c,d ) that can provide a substrate for oriented cell division. The basal lamina is also an important regulator of the accessibility of growth factors and other signals, as associated extracellular matrix (ECM) molecules and glycoproteins can both concentrate and sequester factors in inactive or active forms (figure 1c). Cell anchoring may orient cell division resulting in the segregation of key determinants into one or both daughter cells depending on the plane of division (figure 1d ). Here, we review the role of the above components in the in vivo niches for adult neurogenesis.
ADULT NEURAL STEM CELL NICHES
Neural stem cells persist in the adult mammalian brain and exhibit the two fundamental properties of stem cells; they undergo self-renewal and are multipotent, generating neurons and macroglia (astrocytes and oligodendrocytes). While neural stem cells can be cultured in vitro with growth factors as either adherent cultures or non-adherent cultures called neurospheres (reviewed in Gage 2000; Temple 2001 ), their biology is in large part defined by their in vivo niche.
Neurogenesis occurs in two principal brain regions in adult mammals: the subventricular zone (SVZ), adjacent to the lateral ventricles (figure 2), and the subgranular zone (SGZ) of the hippocampal formation (figure 3) (reviewed in Doetsch & Hen 2005) . The SVZ consists of a thin layer of dividing cells that extends along the length of the lateral walls of the lateral Figure 1 . Components of the stem cell niche. (a) Cell-cell and cell-extracellular environment interactions. Membrane-associated receptors and ligands (red and yellow) mediate cell-cell contacts and cell fate decisions, including self-renewal and differentiation. In addition, gap junctions (purple), intercellular channels that allow the passage of ions and metabolites, both coordinate behaviour between coupled cells and can tether cells together. Hemi-channels allow communication between the cell and the environment. (b) Diffusible factors. Diffusible factors (purple spheres) can direct stem cells to either self-renew or generate differentiated progeny. The availability of diffusible factors that bind to receptors (green) in turn can be regulated by ligand inhibitors (blue half-moons), which can sequester these factors and prevent signalling. (c) Basal lamina and blood vessels. An ECM-rich basal lamina (black), which can be associated with blood vessels (red) or cells, has several functions in stem cell niches, including anchoring cells to the niche (grey spheres), sequestering and presenting diffusible signals (purple and brown spheres), and linking cells and the ECM. In addition, proteolytic fragments of ECM components (blue squiggles) may regulate stem cells. Endothelial cells and the vasculature are emerging as integral components of stem cell niches, where they can regulate stem cell fate decisions through either diffusible signals and/or direct cell-cell contact. (d ) Oriented cell division. Both cell-cell contact (via adherens junctions, red) and tethering of cells to the basal lamina (black) can influence cell fate by orienting the plane of cell division, such that key intracellular determinants are symmetrically or asymmetrically distributed. Oriented segregation of these factors may influence cell fate. Short-range diffusible factors (purple and brown spheres) secreted by stromal cells (green) that promote self-renewal only influence immediately adjacent cells, allowing differentiating daughter cells to escape the niche. (LV ) . SVZ astrocytes in this region (B, blue) are stem cells which generate migrating neuroblasts (A, red) destined for the olfactory bulb via a rapidly dividing transit-amplifying cell (C, green). Region in box is expanded at right to show the relationship of cells in this region and some elements of the SVZ niche. Multi-ciliated ependymal cells (E, grey) line the walls of the lateral ventricle. Chains of neuroblasts travel through tunnels formed by processes of SVZ astrocytes. Transit-amplifying cells are found in small clusters adjacent to the chains. Signals released from axons (pink) regulate proliferation and survival in this region. A specialized basal lamina (BL, black) extends from perivascular cells and contacts all cell types. Endothelial cells, blood vessels (BV) and the basal lamina are all likely key components of the niche.
ventricles and is largely separated from the cerebrospinal fluid (CSF) by a layer of multi-ciliated ependymal cells. Newly generated neuroblasts traverse a network of chains which extends throughout the SVZ to join the rostral migratory stream (RMS) that leads to the olfactory bulb. There they differentiate into two kinds of inhibitory interneurons, granule and periglomerular cells, and functionally integrate into the existing circuitry (Belluzzi et al. 2003; Carleton et al. 2003) . The SGZ is located between the hilus and the granule cell layer of the dentate gyrus. Newly generated granule neurons born in the SGZ migrate only a short distance to the granule cell layer, where they extend dendrites to the molecular layer and an axon along the mossy fibre path and integrate functionally into the circuitry of the dentate gyrus (van Praag et al. 2002; Ge et al. 2006) . Strikingly, in both regions, a subset of astrocytes, glial cells classically associated with support functions in the brain, are the in vivo primary precursors for adult neurogenesis (reviewed in Doetsch 2003a). These cells have been defined as astrocytes based on their ultrastructural features, markers they express and electrophysiological properties. An emerging hypothesis is that stem cells are contained within the astrocyte lineage (Alvarez-Buylla et al. 2001; Doetsch 2003a) . During development, radial glia are the in vivo primary precursors of neurons and glia (Miyata et al. 2001; Noctor et al. 2001 Noctor et al. , 2002 Noctor et al. , 2004 Malatesta et al. 2003; Anthony et al. 2004) . Post-natally, radial glia transition into astrocytes (Schmechel & Rakic 1979; Voigt 1989; Alves et al. 2002; Merkle et al. 2004) , some of which are retained as stem cells in adult neurogenic niches (Merkle et al. 2004) . Interestingly, until post-natal day 11, astrocytes from throughout the brain can generate neurospheres, but thereafter this capacity becomes limited to adult SVZ astrocytes (Laywell et al. 2000 ).
An important unanswered question is whether all astrocytes (or a subset) in the adult brain retain latent neurogenic potential or whether specialized stem cell astrocytes are only found in neurogenic niches in the adult brain.
In the SVZ, stem cell astrocytes (type B cells, glial fibrillary acidic protein expressing; GFAPC) divide relatively infrequently to generate neuroblasts (type A cells, GFAPK/Dlx2C/doublecortin (Dcx)C) via a rapidly dividing transit-amplifying cell (type C cells, GFAPK/ Dlx2C) (Doetsch et al. 1999a) . Oligodendrocytes can also be generated in the adult SVZ both under normal conditions (Ahn & Joyner 2005) and after demyelination (Nait-Oumesmar et al. 1999; Picard-Riera et al. 2002) , but the cell type that generates them remains undefined. Whereas SVZ astrocytes have been shown to be stem cells both in vitro and in vivo (Doetsch et al. 1999a; Laywell et al. 2000; Imura et al. 2003; Morshead et al. 2003; Garcia et al. 2004; Sanai et al. 2004; Ahn & Joyner 2005) , there is some debate as to whether the adult SGZ contains neural stem cells or only committed neurogenic precursors (Seaberg & van der Kooy 2002; Bull & Bartlett 2005) . Within the SGZ, GFAPC/nestinC astrocytes are the primary precursors that divide to generate intermediate amplifying GFAPK/nestinC cells which in turn generate GFAPK/nestinK/DcxC cells that mature into differentiated granule neurons (Seri et al. 2001 (Seri et al. , 2004 Kronenberg et al. 2003; Kempermann et al. 2004; Steiner et al. 2004; Encinas et al. 2006) . As cells progress along these lineages from SVZ and SGZ astrocytes to differentiated neurons, they sequentially acquire distinct electrophysiological properties (Carleton et al. 2003; Filippov et al. 2003; Fukuda et al. 2003) and express a series of transcription factors that determine their phenotype (Pleasure et Seri et al. 2004, yellow) , which progressively generate more differentiated progeny (type D1/type D2/type D3), which mature into granule neurons (G, red). Neurogenesis occurs in pockets adjacent to blood vessels and although a specialized basal lamina has not yet been described in this region, the vascular basal lamina likely plays an important role in the niche. Afferent axons (pink) from the entorhinal cortex and axons from subcortical regions as well as from local inhibitory interneurons project to the SGZ. Stenman et al. 2003; Parras et al. 2004; Seri et al. 2004; Hack et al. 2005; Kohwi et al. 2005; Waclaw et al. 2006) . These molecular programmes become stabilized through a combination of epigenetic, transcriptional and post-transcriptional mechanisms (reviewed in Hsieh & Gage 2004; Cheng et al. 2005) . Intriguingly, while common molecular mechanisms may regulate stem cell proliferation and differentiation in the embryo and the adult, some regulatory mechanisms may be unique to post-natal and/or adult neurogenesis. For example, mice deficient in the polycomb repressor Bmi1 (Molofsky et al. 2003) , the orphan nuclear receptor Tlx (Shi et al. 2004 ) and the conditional mutants of sonic hedgehog signalling components (Machold et al. 2003) first reveal deficits at post-natal stages. Thus, a unique complement of regulatory mechanisms may be active in adult neurogenic regions in addition to the conserved embryonic pathways. Stem cells harvested from non-neurogenic regions can generate neurons and astrocytes when cultured in vitro, but only make glia in vivo (reviewed in Gage 2000) . In addition, primary cells from neurogenic areas transplanted into non-neurogenic regions exhibit very limited neurogenesis (reviewed in Herrera et al. 1999; Lim et al. 2000; Temple 2001 ). An inhibitory environment that is refractory to neurogenesis is therefore present throughout most of the brain. In contrast, upon transplantation into the SVZ, RMS or SGZ, cultured neural stem cells derived from nonneurogenic regions can generate neurons appropriate to the region (Suhonen et al. 1996; Shihabuddin et al. 2000; reviewed in Temple 2001) . Thus, adult neurogenic niches have an instructive role in directing neuronal production and stem cell maintenance and shield ongoing neurogenesis from possible external inhibitory influences. Although the components of adult neurogenic niches that mediate these processes are still being elucidated, it is clear that both neural and non-neural cell types are key players (reviewed in Doetsch 2003b). Neurogenesis occurs in close proximity to blood vessels and may be associated with angiogenesis. Both regions are enriched in ECM proteins and a prominent basal lamina has been described in the SVZ as well as perivascular connective tissue comprising macrophages and fibroblasts. Neurotransmitter signalling probably plays a key role, as both regions are innervated by axons from distant brain regions. Finally, the proximity of unique structures, such as meningeal projections and the CSF, are likely important sources of signals.
STEM CELL ASTROCYTES AND NICHE ASTROCYTES
Astrocytes have classically been considered support cells in the brain, with multiple roles including forming a capsule around the surface of the brain via their endfeet, buffering extracellular potassium ion concentrations, interacting with endothelial cells to form the blood-brain barrier and taking up neurotransmitters at the synaptic cleft. However, recent work has revealed that astrocytes are dynamic regulators of many brain processes, including synaptogenesis and synaptic efficacy (Ullian et al. 2001; Christopherson et al. 2005) , support adult neurogenesis (Pixley 1992; Lim & Alvarez-Buylla 1999; Song et al. 2002; Kornyei et al. 2005) and act as neural stem cells in the adult brain (Doetsch et al. 1999a; Laywell et al. 2000; Imura et al. 2003; Morshead et al. 2003; Garcia et al. 2004; Sanai et al. 2004; Ahn & Joyner 2005) . Thus, astrocytes are emerging as key mediators of brain development, function and plasticity, highlighting the critical need to better characterize the heterogeneity and developmental specification of different subpopulations of astrocytes both within adult neurogenic regions and throughout the brain (Bachoo et al. 2004; Bonaguidi et al. 2005; Muroyama et al. 2005; Imura et al. 2006; Lim et al. 2006; Sakaguchi et al. 2006) .
Within adult neurogenic niches, in addition to their role as stem cells, astrocytes are uniquely poised to be sensors and regulators of the environment. They have long processes that envelop and contact all cell types and structures in the niche (Doetsch et al. 1997; Seri et al. 2004) , including blood vessels and the basal lamina (Mercier et al. 2002) , allowing them to integrate diverse signals from many sources. Furthermore, astrocytes are often coupled via gap junctions and can form a syncytium (reviewed in Giaume & McCarthy 1996; Giaume & Venance 1998) , which may allow them to propagate signals locally or throughout the entire niche, thereby regulating activation and differentiation of stem cells. Astrocytes also contribute to the neurogenic niche through contact-mediated cues and by secreting diffusible signals (Pixley 1992; Lim & Alvarez-Buylla 1999; Taupin et al. 2000; Song et al. 2002; Kornyei et al. 2005; Lie et al. 2005) . It is still unknown whether the dual roles of astrocytes as stem cells and niche support cells are segregated into distinct astrocyte populations or whether individual astrocytes can have both roles.
Within the SVZ and SGZ, astrocytes are heterogeneous at the morphological, ultrastructural and molecular levels, including growth factor receptor expression, proliferation capacity and electrophysiological properties (Doetsch et al. 1997 (Doetsch et al. , 2002 Seri et al. 2001 Seri et al. , 2004 Filippov et al. 2003; Fukuda et al. 2003; Kronenberg et al. 2003; Garcia et al. 2004) . At least two populations of astrocytes have been defined in the SGZ: (i) radial astrocytes, which extend a process into the granule cell layer, are nestin-positive and divide and (ii) horizontal astrocytes, which extend basal processes under the granule cell layer, are nestin-negative and S100C Seri et al. 2004 ). In the SVZ, morphologically distinct astrocytes have also been described. At the ultrastructural level, two types of astrocytes (type B1 and B2) are present that differ in their location as well as in their cytoplasmic and nuclear structure and proliferation (Doetsch et al. 1997) . At the light microscope, both highly stellate astrocytes and unipolar and bipolar astrocytes are present, which differ in their proliferation profiles E. Drapeau & F. Doetsch 2004, unpublished data) . Intriguingly, occasionally, the process of an SVZ astrocyte intercalates between ependymal cells and comes into contact with the lateral ventricle, and thus is exposed directly to the CSF (Doetsch et al. 1999b ). The number of astrocytes in contact with the lateral ventricle is increased during regeneration and infusion of growth factors (Doetsch et al. 1999b (Doetsch et al. , 2002 Conover et al. 2000) . SVZ astrocytes in contact with the ventricle express a single 9C0 primary cilium, which is also found on neuroepithelial stem cells during development in mammals (Sotelo & Trujillo-Cenó z 1958; Stensaas & Stensaas 1968) , on radial glia (Tramontin et al. 2003; Spassky et al. 2005 ) and on primary precursors in adult songbirds (Alvarez-Buylla et al. 1998 ). This primary cilium may be important for transduction of signals in the CSF and for stem cell function. Despite these molecular, biophysical and morphological differences, it is still unclear whether the different subpopulations of astrocytes in both adult neurogenic regions represent functionally distinct astrocytes or are at different stages in the lineage.
EPENDYMAL CELLS: SUPPORT CELLS IN THE NICHE
Ependymal cells line the walls of the ventricles in the adult brain and are thus at the interface between the CSF and the brain tissue. They act both as a structural barrier and as a sensor of CSF components and osmotic pressure. Ependymal cells actively regulate the absorption of ions and transport of factors from the CSF into the parenchyma. Numerous growth factors that affect adult neurogenesis, including transforming growth factor-a (TGF-a; Seroogy et al. 1993) , basic fibroblast growth factor (bFGF) (Hayamizu et al. 2001) and amphiregulin (Falk & Frisen 2002) , are made by the choroid plexus, epithelial cells within the ventricles that produce the CSF. Ependymal cells may distribute and create gradients of factors produced by the choroid plexus through the directional beating of their cilia (Del Bigio 1995); thereby, they have been proposed to guide the migration of SVZ neuroblasts (Sawamoto et al. 2006) . Importantly, within the SVZ, ependymal cells are closely apposed to astrocytes (Doetsch et al. 1997) as well as the specialized basal lamina (Mercier et al. 2002) , creating the potential for transducing signals in this area. Although both ependymal cells and SVZ astrocytes are derived from radial glia (Merkle et al. 2004; Spassky et al. 2005) , ependymal cells do not appear to be endogenous neural stem cells (Chiasson et al. 1999; Doetsch et al. 1999a; Laywell et al. 2000 , Capela & Temple 2002 Spassky et al. 2005) as has been suggested ( Johansson et al. 1999) . However, they contribute to the niche in many ways, including as a source of secreted proneurogenic factors and of CSF components.
Ependymal cells and astrocytes are coupled by gap junctions homotypically (ependyma-ependyma and astrocyte-astrocyte) and heterotypically (ependymaastrocyte; Zahs 1998), raising the possibility that local signals can be coordinated over long ranges within the SVZ. These intercellular channels allow the passage of ions, metabolites and second messengers between neighbouring cells (Kumar & Gilula 1996; Sohl et al. 2005) . Connexin 43 (Cx43), a component of gap junctions that is predominantly found in glial cells in the brain (reviewed in Theis et al. 2005 ) is expressed in both adult neurogenic regions (Miragall et al. 1997; Menezes et al. 2000; Theis et al. 2003; Peretto et al. 2005; P. A. Riquelme & F. Doetsch 2005, unpublished data) and may be involved in gap junction coupling, hemi-channel signalling and cell-cell adhesion. Unlike gap junctional coupling, hemi-channels allow direct communication between the cells and the extracellular environment (Bennett et al. 2003) . Hemi-channels have been implicated in the initiation and propagation of calcium waves between clusters of cells during cortical neurogenesis ( Weissman et al. 2004 ). As such, Cx43 in adult neurogenic regions may coordinate the communication between neighbouring and distant cells within the niche either through gap junctions or hemi-channels. Cx43 may also act as a cell-cell adhesion unit to tether cells as has been suggested for glioma cells (Lin et al. 2002) . Connexin 26, which is also expressed in the SVZ (Mercier & Hatton 2001) , may have similar roles.
Ependymal cells also create a favourable environment for neurogenesis, together with astrocytes, through the secretion of noggin, an antagonist of bone morphogenic protein (BMP) signalling (Lim et al. 2000; Peretto et al. 2004) . BMPs are members of the TGF-b family that are important for development. Within the adult SVZ, BMP signalling favours the production of astrocytes, but this pro-glial fate is reversed to a pro-neurogenic fate through the sequestration of BMP ligands by noggin (Lim et al. 2000) . In addition to noggin, ependymal cells also express CXCR4 (Stumm et al. 2002) , a chemokine receptor for SDF1 that is important for migration and survival (Dziembowska et al. 2005) , EphA7 (Holmberg et al. 2005) , a member of the Eph family of tyrosine kinase receptors that guide many developmental processes, and pigment epithelium-derived factor (PEDF; Ramirez-Castillejo et al. 2006; see §5). How these molecules and others yet to be identified interact merits further study.
VASCULATURE AND ADULT NEURAL STEM CELL NICHES
An important component of adult neurogenic niches is the vasculature. Within the SGZ, neurogenesis occurs in close proximity to blood vessels, with proliferative clusters containing neural progenitors, glial cells, newborn neurons and endothelial cells (Palmer et al. 2000) , suggesting that neurogenesis and angiogenesis are coordinated processes. Indeed, common signals, which are active in adult neurogenic niches, regulate the development of the vasculature and the nervous system (reviewed in Carmeliet 2003) . Thus, angiogenesis and neurogenesis are extensively interconnected and likely reciprocally influence each other in adult neurogenic regions.
Endothelial cells are emerging as critical niche cells that regulate stem cell self-renewal and neurogenesis. Co-culture of embryonic neural stem cells or adult SVZ cells with endothelial cells leads to enhanced stem cell self-renewal as well as increased neurogenesis from these expanded stem cells upon differentiation (Shen et al. 2004) . The diffusible signals that effect these changes are as yet largely unidentified. One factor secreted by both endothelial cells and Neural stem cell niches P. A. Riquelme et al. 127 ependymal cells is PEDF, which has been proposed to regulate SVZ astrocyte self-renewal (RamirezCastillejo et al. 2006) . Endothelial cells also secrete leukaemia inhibitory factor (LIF; Mi et al. 2001 ) and brain derived neurotrophic factor (BDNF; Leventhal et al. 1999; Louissaint et al. 2002) , factors known to influence proliferation and/or differentiation in adult neurogenic regions. Given LIF's role, together with BMP signalling, in promoting self-renewal in embryonic stem cells (Ying et al. 2003) as well as its role in astrocyte differentiation (Ross et al. 2003) , it will be intriguing to see how LIF, BMP and noggin signalling converges within adult neurogenic niches, where astrocytes have neural stem cell properties. In vitro, endothelial cells in part support SVZ-derived neuron outgrowth, survival and migration through the release of BDNF (Leventhal et al. 1999) . In vivo evidence for a connection between endothelial cell-derived BDNF and neuronal maturation comes from adult songbirds, in which new neurons are seasonally added to the higher vocal centre (HVC; Nottebohm 2005). Testosterone implantation induces angiogenic bursts eliciting BDNF production by endothelial cells prior to neuronal recruitment into the HVC (Louissaint et al. 2002) . Thus, angiogenesis and neuronal maturation are coordinated in HVC.
A common factor regulating both neurogenesis and angiogenesis is vascular endothelial growth factor (VEGF), which is implicated in neurogenesis in the SVZ and SGZ ( Jin et al. 2002; Fabel et al. 2003; Cao et al. 2004) . VEGF infusion into the lateral ventricle leads to an increase in SVZ proliferation and neurogenesis, likely through VEGFR2/Flk-1 ( Jin et al. 2002) . Whether this is a direct or indirect effect on neural progenitors or cell survival is unknown. In the SGZ, exercise-induced neurogenesis in the hippocampus acts in part through VEGFR2/Flk-1 signalling (Cao et al. 2004) . A web of factors active in adult neural stem cell niches also regulates angiogenesis, including sonic hedgehog, BMPs, Ephs/ephrins, Notch and FGF, nitric oxide and erythropoietin (reviewed in Carmeliet 2003; Alvarez-Buylla & Lim 2004 , Brines & Cerami 2005 Matarredona et al. 2005) . In addition, blood vessels are conduits for the delivery of paracrine factors, such as hormones (sex hormones, glucocorticoids and prolactin) and cytokines, from distant sources (reviewed in Gould et al. 2000; Lennington et al. 2003) . These 'long-distance' cues may act directly on neural stem cells and progenitors, endothelial cells or both to regulate angiogenesis and neurogenesis.
BASAL LAMINA AND EXTRACELLULAR MATRIX
The ECM and associated molecules are integral components of stem cell niches creating a favourable microenvironment and architecture. They regulate signalling in the niche by providing, storing and compartmentalizing growth factors and cytokines indispensable for cell proliferation and differentiation, as well as acting as a substrate for anchoring cells.
One common component of many stem cell niches is a basal lamina. Within the SVZ, a unique basal lamina, rich in laminin and collagen-1, extends from perivascular macrophages as 'fractones' (Mercier et al. 2002) . Each fractone consists of a base attached to perivascular macrophages, a stem crossing the SVZ and bulbs located underneath ependymal cells. The branched configuration of fractones allows for extensive interaction with all SVZ cells, especially with SVZ astrocytes and ependymal cells. This basal lamina, as well as other ECM components abundantly expressed in the SVZ, is probably a key mediator of stem cells and their progeny. Fractones may represent sites at which growth factors and other signalling molecules interact with stem cells and progenitors to regulate their proliferation, activation and differentiation by modulating the availability of signalling molecules within the stem cell niche. The source of these factors is diverse: ependymal cells, CSF, endothelial cells and SVZ cells. It will be fascinating to see whether fractones are dynamic, perhaps indicating that adult neural stem cell niches undergo constant remodelling. It is not known whether similar structures are present in the SGZ.
Other ECM components known at present to be in adult neurogenic niches are chondroitin sulphate proteoglycans (CSPG; Gates et al. 1995; Thomas et al. 1996; Bruckner et al. 2003) , heparan sulphate proteoglycans (HSPG; Fuxe et al. 1994) , tenascin-C (Gates et al. 1995; Ferhat et al. 1996; Jankovski & Sotelo 1996; Thomas et al. 1996; Deller et al. 1997; Heck et al. 2004; Peretto et al. 2005) , laminins (Mercier et al. 2002; Heck et al. 2004 ) and collagen 1 (Mercier et al. 2002) , which together probably modulate accessibility of growth factors, cytokines and other signalling molecules. Integrins are receptors that provide structural links between the ECM and the cytoskeleton, allowing for oriented cell division. In addition, they cooperate with growth factor receptors to enhance signal transduction (Comoglio et al. 2003) . As such, the integrins coordinate spatial positioning within the niche with downstream cellular signalling and probably play a key role in maintaining adult neural stem cell niches, as they do in other stem cell niches (reviewed in Fuchs et al. 2004) .
The cell surface carbohydrate Lewis X (LeX)/ CD15/SSEA1 (fucose N-acetyl lactosamine), an epitope found on several stem cell populations and other cell types, is expressed by all neurosphereforming cells in the SVZ (Capela & Temple 2002) , the majority of which correspond to transit-amplifying cells and a subset of astrocytes (Doetsch et al. 2002) . In vivo, LeX is also expressed by astrocytes in contact with blood vessels (Capela & Temple 2002) , suggesting that LeX may capture factors from the vasculature and/ or other niche cells. Indeed, LeX binds both FGFs and Wnts (Dvorak et al. 1998; Jirmanova et al. 1999; Capela & Temple 2006) . LeX ectodomains are shed in vitro (Capela & Temple 2002) ; such ectodomains may modulate signalling in neurogenic niches as has been shown for proteolytic fragments of ECM which are endogenous inhibitors of angiogenesis (Sottile 2004 ). It will be interesting to see whether proteolytic fragments and carbohydrate ectodomains also play a role in adult neurogenic regions.
LONG-RANGE AND LOCAL INPUTS IN THE NICHE: NEUROTRANSMITTER REGULATION OF NEUROGENESIS
Both adult neurogenic regions are richly innervated by axonal inputs of local and distant origins. Release of neurotransmitters and other factors, such as nitric oxide and sonic hedgehog (Shh), by afferent inputs may regulate precursors at different stages of the stem cell lineage.
The SVZ receives significant axonal input from the substantia nigra, the main source of dopamine in the brain. Dopamine release from these inputs affects proliferation of the transit-amplifying C cells (Hoglinger et al. 2004) . Loss of dopamine signalling leads to a decrease in the number of proliferating cells and subsequent neurogenesis (Baker et al. 2004; Hoglinger et al. 2004; Freundlieb et al. 2006) , which can be rescued by giving dopamine-depleted animals dopamine analogues or D2-like receptor agonists (Hoglinger et al. 2004) . Unlike dopamine, gamma aminobutyric acid (GABA) is a locally produced, nonsynaptically released neurotransmitter that influences the SVZ niche. In contrast to its role as an inhibitory neurotransmitter in the adult brain, GABA signalling is excitatory in the adult SVZ Bolteus & Bordey 2004; Liu et al. 2005) , as in the developing brain (reviewed in Ben-Ari 2002; Owens & Kriegstein 2002) . In addition to influencing the rate of neuronal migration in the SVZ (Bolteus & Bordey 2004) , release of GABA by migrating neuroblasts negatively regulates the proliferation of GFAPC stem cell SVZ astrocytes (Liu et al. 2005) . Whether GABA also regulates the proliferation of transit-amplifying C cells remains to be determined. In addition, NADPHC neurons in the striatum extensively innervate the SVZ and may regulate proliferation and neurogenesis of SVZ cells through the secretion of nitric oxide (Packer et al. 2003; Matarredona et al. 2004; Moreno-Lopez et al. 2004) .
The SGZ receives inputs originating from distant brain regions, including the entorhinal cortex and basal forebrain/septum, and locally from interneurons within the hippocampus, which influence neurogenesis either directly or indirectly (Cameron et al. 1995; Lai et al. 2003; Fontana et al. 2005; Tozuka et al. 2005; Ge et al. 2006) . As in the SVZ, GABA is excitatory for progenitors and newly generated neurons; however, it is released synaptically, probably by local inhibitory interneurons (Overstreet Wadiche et al. 2005; Tozuka et al. 2005; Wang et al. 2005; Ge et al. 2006) . GABA decreases progenitor proliferation, promotes neuronal differentiation and is critical for the maturation of newly generated neurons (Tozuka et al. 2005; Ge et al. 2006; Overstreet-Wadiche et al. 2006) . Like GABA, glutamatergic signalling regulates proliferation and neurogenesis in the SGZ, although it is unclear whether this is a direct or indirect effect. While in vivo studies have produced conflicting reports (Cameron et al. 1995 (Cameron et al. , 1998 Gould & Cameron 1997; Deisseroth et al. 2004) , in vitro studies suggest that glutamate signalling activates pro-neurogenic programmes in progenitors to stimulate neuronal production (Deisseroth et al. 2004) . How glutamatergic and GABAergic signalling converges in vivo remains to be elucidated. In addition, it will be interesting to determine whether newborn or mature granule neurons feedback on to progenitors to regulate neuronal production.
Monoaminergic inputs, including serotonergic, dopaminergic and noradrenergic afferents, affect proliferation in both adult neurogenic regions (Kulkarni et al. 2002; Santarelli et al. 2003; Banasr et al. 2004; Hoglinger et al. 2004; Encinas et al. 2006) . In contrast, cholinergic innervation is implicated in neuronal survival (Cooper-Kuhn et al. 2004) . As such, a combination of multiple afferent inputs from distant and local brain regions regulates adult neurogenesis. Defining at which stages of the stem cell lineage different neurotransmitters and receptor subtypes regulate proliferation and differentiation will be important.
CELL-CELL CONTACT AND DIFFUSIBLE SIGNALS IN THE NICHE
Intrinsic genetic programmes as well as extracellular signals underlie stem cell fate choices. Whether a cell undergoes self-renewal or differentiation is the result of the spatial and temporal convergence of niche cues and the intrinsic state of the cell. The architectural elements of the niche have been discussed in detail above. Feedback signals from newly generated progeny can also regulate neural stem cells via either cell-cell contact or diffusible signals. When neuroblasts and transit-amplifying cells are depleted by an anti-mitotic treatment, SVZ astrocytes divide to rapidly regenerate the SVZ network of chains (Doetsch et al. 1999a,b) , perhaps reflecting loss of feedback inhibition from the neuroblasts onto their ancestors, such as loss of GABA signalling (Liu et al. 2005) . The first molecular cues that regulate stem cell lineages in the adult brain have begun to be identified (figure 4).
Notch is a transmembrane protein whose signalling regulates stem cell self-renewal in different niches (reviewed in Molofsky et al. 2004) . Notch is activated upon binding Delta or Jagged, both membrane ligands, which causes cleavage of the intracellular tail of Notch and its translocation to the nucleus (reviewed in Gaiano & Fishell 2002) . Over-expression of activated Notch1 in the embryonic brain or of activated Notch1 or 3 in adult cultured hippocampal progenitors leads to the generation of astrocytes (Gaiano et al. 2000; Chambers et al. 2001; Tanigaki et al. 2001) . This raises the possibility that Notch is also involved in stem cell/ progenitor maintenance in adult neurogenic niches, where Notch1 and Jagged1 are expressed (Stump et al. 2002; Irvin et al. 2004; Nyfeler et al. 2005) . However, whether Notch activation promotes the acquisition of a stem cell astrocyte fate or differentiation into non-stem cell niche astrocytes awaits further evaluation.
Eph/ephrins are another large class of membraneassociated receptors and ligands with diverse roles during development, including axon guidance, cell migration and synaptogenesis (reviewed in Pasquale 2005) . In the adult SVZ, different ephrins and Ephs are expressed by each SVZ cell type (Conover et al. 2000; Holmberg et al. 2005; Ricard et al. 2006) . Eph/ephrin signalling regulates proliferation of different cell types in the adult SVZ (Conover et al. 2000; Holmberg et Another molecule involved in proliferation in adult neurogenic regions is Shh. During development, Shh acts as a morphogen, playing a crucial role in ventral patterning along the entire extent of the neuraxis, and as a mitogen, stimulating granule cell precursor proliferation in the cerebellum (reviewed in Ruiz i Altaba et al. 2002) . In the adult SVZ, Shh regulates the proliferation of SVZ astrocytes (type B cells) and transit-amplifying type C cells (Machold et al. 2003; Ahn & Joyner 2005; Palma et al. 2005) . Shh also affects proliferation in the SGZ (Lai et al. 2003; Machold et al. 2003) , although it is unknown which cell type Shh acts on. As mentioned above, conditional mice deficient in shh signalling components first exhibit deficits in neural stem cell niches post-natally. The cellular source of Shh has not yet been identified, although for the hippocampal formation, it has been proposed that Shh is anterogradely transported to the SGZ via the fimbriafornix (Lai et al. 2003; Machold et al. 2003) . Importantly, the signals that trigger Shh release in both niches are unknown.
Members of the Wnt family of soluble ligands play critical roles in various physiological processes during development and in the adult. Wnt signalling regulates stem cell self-renewal in several stem cell niches (reviewed in Kleber & Sommer 2004) . In adult neurogenic niches, Wnt signalling has thus far been shown to regulate neurogenesis in the SGZ (Lie et al. 2005) . Increasing or decreasing Wnt activity in vivo leads to an increase or decrease of SGZ neurogenesis, respectively. Interestingly, astrocytes are the source of Wnts, highlighting their multiple roles in the niche.
Two mitogens widely used to culture neural stem cells in vitro either as neurospheres or as adherent monolayers are epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) (Reynolds & Weiss 1992; Palmer et al. 1995) . These assays test the potential of a cell to act as a stem cell, but do not necessarily reflect its in vivo behaviour. Although neurospheres were believed to arise from the relatively quiescent in vivo SVZ stem cells, the majority of EGF-responsive neurospheres arise from the rapidly dividing transit-amplifying cells (Doetsch et al. 2002) , which retain the capacity to act as stem cells when exposed to exogenous growth factors. These findings emphasize the need to study stem cells and their progeny in vivo to elucidate their roles in adult neurogenesis. Dissection of the EGF-and bFGFresponsive SVZ cell types has revealed that signalling through the EGF-and FGF-receptors occurs at distinct stages in the stem cell lineage. bFGF likely acts on more quiescent SVZ astrocytes (Zheng et al. 2004) and has been proposed, based on analysis of bFGF null mice, to maintain the pool of neural stem (2) cell-cell and cell-extracellular environment interactions via membrane-associated ligands and their receptors (Eph/ephrin and Notch/Jagged) or gap junctions and hemi-channels, (3) ligand inhibition (noggin), (4) release of neurotransmitters and other factors from axons (GABA, dopamine (DA), glutamate, acetylcholine (ACh), serotonin (5HT), NO and Shh), (5) basal lamina (sequestration and presentation of diffusible factors, such as growth factors) and ECM proteins (laminin, collagen-1, tenascin-C, LeX, heparan sulphate and chondroitin sulphate proteoglycans), and (6) endothelial cell/blood vessel-mediated cues. The cell types that are able to direct neural stem cell fate choices include cells within the niche (both support cells and stem cells and their progeny) (green), neurons (axonal projection; blue) and endothelial cells/blood vessels (red). Structural elements that likely regulate neural stem cell fate decisions include fractones (in the SVZ) and basal laminae (black lines). In addition, CSF and meningeal projections (not pictured in this figure) are likely important components of the niche. These elements may work in concert or independently to promote neural stem cell self-renewal or differentiation. The key to the right lists some of the factors known to be present in adult neurogenic niches. cells (Zheng et al. 2004) . In contrast, EGF-responsive cells are transit-amplifying C cells and a subset of SVZ astrocytes (Doetsch et al. 2002) . This differential regulation may allow expansion of activated stem cells and transit-amplifying cells without depleting the more quiescent stem cells. The endogenous ligand for the EGF-R is likely TGF-a, which is expressed in the choroid plexus and striatum (Seroogy et al. 1993) . Consistent with this, TGF-a null mice exhibit decreased proliferation and neurogenesis in the SVZ (Tropepe et al. 1997) . Precise dissection of the roles of bFGF and TGF-a will require inducible genetic systems that allow one to circumvent possible developmental defects. Within adult neurogenic niches, other secreted factors, such as glycosylated cystatin which is expressed by some SGZ astrocytes, act synergistically with bFGF to influence neurogenesis (Taupin et al. 2000) . Another signal that may synergize with bFGF is ATP (Mishra et al. 2006) . The ecto-ATPase NTPDase2, which regulates ATP signalling, is present in both SVZ and SGZ astrocytes (Braun et al. 2003; Shukla et al. 2005) . The in vivo role of nucleotide signalling in adult neurogenesis is yet to be explored.
Interestingly, transit-amplifying cells are emerging as key nodes in the stem cell lineage. Many signals, including dopamine (Hoglinger et al. 2004) , soluble amyloid precursor protein , nitric oxide (Estrada et al. 1997; Matarredona et al. 2005) and Shh (Ahn & Joyner 2005; Palma et al. 2005) , converge on the transit-amplifying cells and act cooperatively with signalling through the EGF receptor. As transit-amplifying cells are rapidly dividing, it is critical to regulate their proliferation to prevent runaway growth. Furthermore, this mode of regulation allows the relatively quiescent stem cells to divide infrequently, stopping them from accumulating mutations with division.
The structural elements and molecules important for stem cell self-renewal and differentiation, as well as for embryonic stem cells, are rapidly being elucidated. It will be fascinating to see if these pathways are conserved in other niches and, importantly, in different species. Within adult neurogenic niches, astrocytes are stem cells in the adult SVZ in both rodents (reviewed in Doetsch 2003a) and humans (Sanai et al. 2004 ), yet there may be fundamental differences in how neural stem cells from the two species interpret these molecular signals and ultimately affect their output. Uncovering these pathways, as well as the complex interactions within the niche, will provide invaluable insight into stem cell biology and into the potential use of neural stem cells for restorative neurogenesis in disease or trauma.
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